Abstract Earthquakes trigger the eruption of mud and magmatic volcanoes and influence ongoing eruptive activity. One mechanism that could trigger an eruption is clay liquefaction. Here we model the propagation of seismic waves beneath the Lusi mud eruption (East Java, Indonesia) using available seismic velocity and density models to assess the effect of subsurface structure on the amplification of incident seismic waves. We find that using an updated subsurface density and velocity structure, there is no significant amplification of incident seismic energy in the Upper Kalibeng Formation, the source of the erupting solids. Hence, the hypothesis that the Lusi eruption was triggered by clay liquefaction appears unlikely to be correct. Independent constraints from gas chemistry as well as analyses of drilling activities at the nearby Banjar-Panji 1 gas exploration well and an analysis of the effects of other earthquakes all favor a drilling trigger.
Introduction
Earthquakes can trigger magmatic eruptions over subsequent days [Linde and Sacks, 1998 ], with 0.4% of eruptions occurring within a few days of large, regional earthquakes, an eruption frequency that is an order of magnitude greater than the background rate [Manga and Brodsky, 2006] . Mud volcano eruptions can similarly be triggered by earthquakes [e.g., Mellors et al., 2007; Bonini, 2009] , and ongoing eruptions may be influenced by seismicity, with dozens of documented examples [Manga et al., 2009] . Mud volcanoes respond to earthquakes on timescales ranging from hours to months. Immediate or rapid responses to earthquakes are generally attributed to processes controlled by dynamic stresses produced by the passage of seismic waves, while delayed responses may result from processes related to static stress changes.
One high-profile example of a proposed earthquake-triggered eruption is the Lusi mud eruption, East Java, Indonesia. The eruption began on 29 May 2006 and continues today. The erupted mud has displaced approximately 40,000 people and caused economic losses in excess of $4 billion [Richards, 2011] . It was proposed that the eruption was triggered by the M W 6.3 Yogyakarta earthquake [Mazzini et al., 2007 [Mazzini et al., , 2009 Sawolo et al., 2009; Lupi et al., 2013 Lupi et al., , 2014 , which struck on 27 May 2006, 2 days prior to the eruption. However, it has also been proposed that the eruption was initiated by drilling operations at gas exploration well Banjar-Panji 1 (BJP-1) located~200 m from what became the main eruption site [Manga, 2007; Davies et al., 2007 Davies et al., , 2008 Tingay et al., 2008 Tingay et al., , 2015 . Although we favor the latter mechanism, owing to the abundance of information about subsurface lithology, structures, fluid chemistry, and physical properties [e.g., Tingay et al., 2015] , Lusi provides an ideal test case to explore the mechanisms responsible for short-term triggering of mud volcano eruptions. Owing to the high rate of seismicity in Indonesia, it also provides an opportunity to document how earthquakes influence ongoing eruptions. Here we analyze predicted ground motions at the eruption site, from seismicity before and after the eruption, in order to identify the role of earthquakes in the initiation and modulation of the eruption.
Kalibeng shales, liquefying the shales and triggering the eruption. Below 1095 m depth, both V P and V S logs are available, but above 1095 m depth, there are no direct measurements of V S . Depending on the pore pressure at depths above 1095 m, the V P /V S ratio could vary rapidly, producing a significant shear wave impedance (the product of density and seismic velocity) contrast. Lupi et al. [2014] suggested that a sharp change in pore pressure above the Kalibeng shales, associated with a porosity variation, leads to such a V S impedance contrast at a depth of approximately 690 m.
The preeruption pore pressure, seismic velocity, and density structure at Lusi were recently reexamined by Tingay [2015] , who showed that overpressure increased gradually in the clastic sedimentary rocks between 500 and 1100 m depth and that there were no large porosity changes, consistent with overpressures generated by standard disequilibrium compaction processes. Furthermore, the updated petrophysical data set in Tingay [2015] indicates that there are no significant shear wave impedance contrasts in the sedimentary rocks overlying the mud source of Lusi and that previously proposed impedance contrasts were based on common artifacts and processing errors in sonic velocity and density data. In this study, we reexamine the earthquaketriggering hypothesis by comparing numerical simulations of seismic wave propagation through each of the proposed seismic velocity structures.
Methods
We model 1-D and 2-D seismic wave propagation through a heterogeneous, isotropic medium using a conservative finite difference approach on a fully staggered grid. We use displacement as the dependent variable and calculate stresses and strains at cell centers. The 1-D code uses an eighth-order discretization in space and fourth-order explicit time integration. The 2-D code uses second-order centered differences in both time and space. We performed resolution tests to ensure that numerical dispersion was insignificant for both 1-D and 2-D codes. We benchmarked the codes using synthetic impedance structures to verify the accuracy of transmission and reflection coefficients for plane waves, as well as travel times for layered media. In all calculations, we used a free-surface boundary condition for the surface, and the bottom boundary was placed at a sufficiently great depth (100 km) such that reflections from the bottom boundary did not affect our results. For the 2-D calculations, we used periodic lateral boundary conditions but placed the boundaries sufficiently far from the modeled location of Lusi so that they had no effect on the calculations. As an initial condition, we introduced a single pulse waveform with displacement u described by
where λ = V/ω is the pulse wavelength, V is the velocity of propagation (either V S or V P depending on the wave type used for the input motion), ω is the characteristic frequency of the input motion, and x is depth. We consider only vertically incident waves. Due to the very large velocity contrast between the Kalibeng clays and underlying volcanics (Figure 1 ), we expect incident waves to be strongly refracted toward vertical. We used characteristic input frequencies of 0.25-1 Hz for consistency with previous studies of wave propagation at Lusi [Lupi et al., 2013 [Lupi et al., , 2014 and because these frequencies are known to be effective for triggering mud eruptions [Rudolph and Manga, 2012] .
In our analyses, we calculate seismic energy density, which has previously been used to define empirical thresholds for earthquake triggering of hydrologic processes including liquefaction, water level changes in wells, and changes in spring and stream flow [e.g., Wang, 2007; Wang and Manga, 2010] . We define seismic energy density based on kinetic energy (E k ):
as in Wang [2007] and Lay and Wallace [1995] , where ρ is density and v is particle velocity.
We adopt a layered velocity structure with layer geometry either assumed to be planar or distorted using the geometry from Lupi et al. [2014] (Figure 1d ). The distorted structure is based on a north-south seismic section [Sawolo et al., 2009] . The back azimuth to the Yogyakarta earthquake is~260°, but east-west structure in an orthogonal seismic section is similar [Lupi et al., 2014] . We use two different velocity and density models to assign layer properties, shown in Figures 1a-1c . First, we use the velocity and density structure model from Lupi et al. [2014] . Second, we use the model from Tingay [2015] . For each of these velocity models, we
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explored cases with and without a distorted structure to separate the effects of impedance contrasts from geometric effects. Throughout the paper, we refer to depths below the surface at the horizontal location of Lusi, which is very close to the apex of the parabolic structure.
Results
We illustrate the results of the 1-D wave propagation calculations in Figure 2 and Figures S1-S2 in the supporting information. Figure 2 shows results using ω = 0.5 Hz. Using the Lupi et al.
[2014] impedance model, maximum seismic energy density over the duration of shaking at a given depth is up to 3 times that for the Tingay [2015] model within the Kalibeng clays and the root-mean-square (RMS) seismic energy density is locally up to 90% greater as well.
In Figure 3 , we show results from our 2-D wave propagation experiments. Figure 3d shows the RMS seismic energy density from 2-D wave propagation calculations performed using the antiformal structure from [2014] (horizontal position is specified relative to the apex of the parabolic structure). We also show lithology encountered in BJP-1 between Figures 1c and 1d [Tingay, 2015] . All panels share the same vertical axis.
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[2014] model relative to the amplification using the Tingay [2015] model. Figure 3d shows the average of the amplification ratio from Figure 3c as a function of depth, with the earth structure removed (i.e., depth is calculated relative to the distorted structure). The amplification differs between the two cases shown primarily in the depth range 750-1370 m. In this depth range, the maximum difference in horizontally-averaged amplification between the two velocity models is 24%. We note that while this amplification is less than the 90% found in the 1-D calculations, it is horizontally averaged, and local differences in amplification are much larger. Amplification in the region near the apex of the distorted structure is about 60% greater using the Lupi et al. [2014] model than using the Tingay [2015] model.
Discussion
In layered media, impedance contrasts cause seismic waves to split into transmitted and reflected waves whose amplitudes are controlled by the change in impedance, as well as the angle of incidence of the wave. In our 1-D models, the direction of wave propagation is always normal to the layer interfaces, and thus, the transmitted and reflected wave amplitudes depend only on the impedance structure. The largest impedance contrast in the velocity models occurs at the top of the Plio-Pleistocene volcanics and volcaniclastics, which underlie the Pleistocene Upper Kalibeng clays. This interface appears as a bright reflector in seismic reflection profiles [e.g., Mazzini et al., 2007] . This interface is present at a depth of~1870 m in the Tingay [2015] velocity model, consistent with drilling records, but at a shallower depth of 1657 m in the Lupi et al. [2014] model. Because upgoing waves see this contrast as a reduction in impedance, most of the energy is transmitted, and the transmitted wave amplitude is larger than the incident wave amplitude. The second significant impedance contrast exists only for shear waves, and only in the Lupi et al. [2014] model at a depth of 690 m ( Figure 1) ; near this depth, Tingay [2015] instead has order-of-magnitude smaller velocity contrasts associated with two thin sand layers. There is no apparent reflector at this depth at the BJP-1 location in seismic reflection profiles. When upgoing waves encounter the increase in impedance proposed at this depth by Lupi et al. [2014] , there is a significant downward reflection of incident energy. This reflection is clearly visible in Figure 2c but absent in Figure 2b (using the Tingay [2015] model) and accounts for the differences in maximum and RMS seismic energy density between the calculations between depths of approximately 700-1800 m shown in Figures 2d  and 2e . Reflections from the free surface, and from the interface between the volcanics and Pleistocene sediments, have a strong tendency to trap energy in the shallow subsurface. These reflections lead to prolonged shaking in the Pleistocene clastic sedimentary rocks overlying the volcanics.
In our 2-D models, the time history of dynamic strain associated with seismic waves is far more complex, because the angle of incidence across interfaces varies due to the imposed earth structure, and in addition to transmission and reflection, there are conversions between S and P waves at each layer interface. Nevertheless, the depth-dependent S and P wave impedance structure still exerts a first-order control on Our knowledge of the velocity and density structure at Lusi comes from sonic and petrophysical logging of the BJP-1 borehole, with additional independent constraints on compressional velocity from check shot survey data. Because shear wave velocity measurements are only available below the casing shoe at 1095 m depth in BJP-1, there are no direct measurements of V S at the 690 m depth of the reflector present in the Lupi et al. [2014] model. All studies of the velocity structure at Lusi agree that there is no significant variation in the P wave velocity above the Upper Kalibeng clays, and geological samples from BJP-1 indicate that there is no significant V P or V S contrast in this zone [Tingay, 2015] . There is, however, disagreement over the most probable shear wave velocity structure. The V P /V S ratio depends on effective stress (lithostatic pressure minus pore pressure), and at low effective stress (near-lithostatic pore pressure), the V P /V S ratio can become very large. Lupi et al. [2014] argue that there is a significant, abrupt onset of high pore pressures immediately above the Kalibeng clays and that this abrupt variation in pore pressure would modify effective stress, and therefore shear wave velocity. However, the analysis in Tingay [2015] of drilling records and petrophysical logs from BJP-1 and nearby (offset) wells shows that pressures are reliably estimated from drilling mud weight in BJP-1 and from six kicks (influxes of fluid into the borehole) and 53 instances of connection gases (gas entering the borehole when segments of the drill string are being connected because drilled mud is temporarily not circulating) or background gas peaks, as well as from offset well measurements. This pore pressure data set demonstrates a shallow onset of overpressure (approximately 350 m) and that effective stress remains nearly constant throughout the entire sedimentary succession overlying the volcanics (0-1870 m depth), as is typical of overpressures generated by common disequilibrium compaction mechanisms. Tingay [2015] also used four petroleum industry standard methods for estimating V S , which all yielded consistent estimates that do not display any significant V S contrasts. The absence of any major V S contrasts is in agreement with the lack of V P contrasts. Global sedimentary rock data sets demonstrate that V P and V S are strongly correlated, other than in almost zero effective stress conditions and gas saturated rocks [Castagna et al., 1985; Lee, 2010] , neither of which are applicable here. In the absence of a shallow shear wave impedance contrast, seismic amplifications are reduced by 70%.
In addition to assessing the local amplitude of ground motion, other observations provide constraints on an earthquake trigger for the Lusi eruption. The M W 6.3 Yogyakarta earthquake occurred on 27 May 2006, 2 days prior to and 260 km distant from the initial eruption of mud and fluids at Lusi. In Figure 4a , we show historical seismicity within 1500 km of Lusi from the U.S. Geological Survey (USGS) earthquake catalog (earthquake.usgs.gov). In this magnitude-distance-triggering diagram, we also show known global instances of mud volcano eruptions triggered by earthquakes (compiled in Manga et al. [2009] and Manga [2010, 2012] ). Diagonal lines are contours of constant seismic energy density, and the event indicated with a star is the Yogyakarta earthquake. The USGS earthquake catalog contains 10 prior earthquakes, occurring between 1973 (the beginning of the catalog) and the onset of the mud eruption, for which expected seismic energy densities at Lusi are greater than that calculated for the Yogyakarta earthquake. These events occurred as recently as 2005 and as early as 1976, and none of these triggered an eruption. Of these earthquakes, eight had magnitude greater than the Yogyakarta earthquake and, hence, were more likely to produce a response due to the possible frequency dependence of potential triggering mechanisms [Manga et al., 2009; Rudolph and Manga, 2012] . We do not include deep (>100 km) events in this total, as there may be increased sensitivity to shallow earthquakes [Lupi et al., 2013] ; Figure 4 distinguishes between deep (>30 km) and shallow earthquakes. While the Yogyakarta event was a strike-slip earthquake, the fault orientation and azimuth to Lusi were such that directivity effects would not have enhanced ground motion at Lusi [Walter et al., 2008] . There was nothing obviously distinctive about the Yogyakarta earthquake relative to other events preceding the eruption.
The maximum dynamic shear stresses produced by the Yogyakarta earthquake were~0.1 MPa [Lupi et al., 2013] and perhaps lower considering the calculations and velocity model uncertainties presented here (Figures 2 and 3 ). This stress change is also small compared to the minimum 2.4 MPa effective normal stress reduction caused by a drilling kick, 18 h before the eruption but 25 h after the earthquake [Davies et al., 2007; Tingay et al., 2008 Tingay et al., , 2015 . H 2 S was detected in the fluids released during the kick . The only known source of H 2 S in the East Java Basin is the Miocene carbonates thought to be pierced by the wellbore at approximately 2833 m depth [Davies et al., 2007] . Thus, based on the composition of gases released during the kick and immediately preceding the eruption, there is compelling evidence that the initial erupted fluids contained a significant contribution from a source deeper than the Kalibeng clays. The eruption may have been initiated by this deep fluid release, via the BJP-1 borehole, rather than liquefaction of the shallower Kalibeng clays , where ground motion has been hypothesized to be amplified [Lupi et al., 2013] . Independent geophysical evidence from ground deformation [Rudolph et al., 2013] and models of this data indicate that there was a significant subsurface volume change attributed to a deep fluid source (>3000 m depth) [Shirzaei et al., 2015] and is consistent with isotopic analysis of erupted gases at Lusi indicating a potential deep hydrothermal fluid source [Mazzini et al., 2012 ].
Due to the high level of seismicity in Indonesia, Lusi provides an excellent opportunity to study how earthquakes modulate ongoing eruptions. Ongoing eruptions may be more sensitive to earthquakes than quiescent systems or new eruptions [Manga et al., 2009] . In fact, the Yogyakarta earthquake increased heat discharge or the frequency of small pyroclastic flows at nearby active magmatic volcanoes [Harris and Ripepe, 2007; Walter et al., 2007] . In Figures 4b and 4c , we show predicted seismic energy densities of all earthquakes in the USGS catalog for the period [2004] [2005] [2006] [2007] , where the blue star indicates the Yogyakarta earthquake. Also shown for reference is the discharge from Lusi in middle to late 2006, digitized from Figure 5 of Mazzini et al. [2007] . We note that the discharge data may have large uncertainties and are also subject to nonuniform sampling in both space and time. Mazzini et al. [2007] suggested that discharge may have been affected by local seismicity, at least for short periods of time. Figures 4b and 4c shows that there is no clear relationship between measured discharge and seismicity. In particular, the nearby event and aftershock sequence (approximately 2006.5 in Figure 4c ) produced no immediate change in discharge despite having estimated seismic energy density exceeding that due to the Yogyakarta event. This indicates that long-term variations in discharge were probably not controlled primarily by seismicity, though there may be short-lived changes in eruption style and intensity not simply captured by discharge measurements [Mazzini et al., 2007] . The effort to better understand the relationship between seismicity and eruptive activity at Lusi as well as amplification of ground motion would greatly benefit from improved seismic station coverage.
Conclusions
Assessing ground motions is a starting point for understanding possible earthquake triggering of mud and magmatic eruptions. We modeled seismic wave propagation through two different subsurface structures to assess the extent to which the mechanical properties of the subsurface contribute to enhanced energy
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10.1002/2015GL065310 dissipation in the Upper Kalibeng Formation, the source of the erupting mud. We found that the amplitude of the seismic energy density in the Kalibeng clays is smaller when using the updated velocity and density structure from Tingay [2015] than that produced in otherwise identical calculations using the velocity and density structure from Lupi et al. [2014] . The key difference between the two subsurface velocity and density models used is the presence of a shallow (approximately 690 m depth) shear wave impedance contrast in the Lupi et al. [2014] model that reflects incident seismic waves downward into the Kalibeng clays. The most thorough published study of pore pressure, petrophysical properties, and subsurface geology does not support the existence of this impedance contrast [Tingay, 2015] . Independent constraints on fluid sources from gas geochemistry and surface deformation [Shirzaei et al., 2015] indicate that there was a significant contribution of fluids during the initial phase of the eruption from depths greater than that of the Kalibeng clays. The contribution of fluids from deeper sources indicates that any potential earthquaketriggering processes must have occurred much deeper than the source of the erupting solids, and where there is no obvious reason for ground motion to be amplified. In summary, we find nothing in the earthquake response to disfavor an eruption triggered by the blowout of BJP-1 [e.g., Davies et al., 2007; Tingay et al., 2015] . Owing to the large amount of geochemical, geological, and geophysical data about subsurface properties, Lusi is well suited to study how eruptions initiate and evolve. Lusi thus remains a fascinating natural laboratory in which to study hydrothermal and eruptive processes and social impacts [e.g., Richards, 2011] and to test models for longevity [Davies et al., 2011; Rudolph et al., 2011 Rudolph et al., , 2013 .
